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1. Theory
Turbulence plays an intimate role in the evolution of a 
protoplanetary disk. We can measure the magnitude of such 
turbulence through the broadening of emission lines:
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Single molecules require either multiple 
transitions or high quality spectra. These suffer 
from flux calibration uncertainties. 
Assuming two molecules are cospatial, their 
relative line widths provides information on the 
kinetic temperature and turbulent broadening, 
independent of flux calibration.
Fitting a model based on power laws allows us to 
find the best fitting parameters. All previous 
results have used this method.
2. Thermometers
3. Observational Factors
We resolve TW Hya at a spatial resolution of 27 au. 
Subsequently, we also resolve temperature and velocity 
gradients across the beam which must be accounted for.
Keplerian shear was modelled with the model from 
Gorti et al. (2011). It was well described by a power 
law and was subtracted from all measured 
linewidths.
We measure a temperature dispersion across the 
beam of around 3%. Modelling estimates that this 
biases the measurement of the turbulent width to 
less than a  1% level.
Absolute flux calibration is the dominant uncertainty. 
We estimate this results in a 7% uncertainty in the 
temperature.
4. Turbulence in TW Hya
All measurements of turbulence which require an absolute 
temperature will ultimately be limited by the flux calibration.
          Take Away Message
But, as temperature and turbulence are hugely degenerate, our 
measurement of turbulence is only as good as our measurement 
of the temperature.
An uncertainty of only 10% on the temperature results in 
roughly a 30% uncertainty on the measured turbulence.
          Take Away Message
We detect turbulent line broadening consistent with an MRI 
active disk (Simon et al. 2015, Flock et al. 2015). Typical 
turbulent velocities are found to be 50 — 150 ms-1 or between 
0.2 and 0.4 times the local sound speed.
          Take Away Message
Above Examples of temperature profiles derived for CO in TW Hya. The yellow line 
demonstrates our direct method, where we remain agnostic about the disk physical 
structure. The two dashed lines show a parametric model fit to the data from 
Hughes et al. (2011) in gray and this work in white.
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Above Derived profiles of turbulent broadening in TW Hya. The solid lines show the 
model independent method while the dashed lines show the results from the 
parametric modelling. Typical 1σ uncertainties are shown in the top right hand corner.
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Model Fitting Method
After accounting for thermal broadening and observational 
effects we able to calculate to remaining linewidth which we 
attribute to turbulent broadening.
We consider two model independent methods in addition to the 
commonly used parametric modelling approach.
We use Cycle 2 ALMA observations of CO (2-1), CN (2-1) and CS (5-4) emission from TW Hya at a 0.5” spatial and ~40 ms-1 
spectral resolution to measure turbulent broadening across the disk in a model independent manner. 
We find turbulent broadening widths of between 50 and 150 ms-1 or between 0.2 and 0.4 times the local sound speed.
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